Ubiquitin-specific protease 7 (USP7), a member of the deubiquitinating (DUB) enzyme family, regulates protein stability and has a well-characterized function in tumorigenesis. Given its critical role in growth and development, it was speculated to be involved in modulating processes in the female reproductive system but its exact role has not been elucidated. Decidualization is one of the key processes in pregnancy and aberrant decidualization is a cause of pregnancy failure. The uterine endometrium layer undergoes significant structural and functional changes during decidualization in preparation for and after embryo implantation.
Here, we hypothesized that USP7 could be involved in mediating endometrial stromal cell (ESC) decidualization and set out to determine its function with a primary stromal cell culture. Using in situ hybridization and immunohistochemical techniques, we observed increased USP7 expression during uterine decidualization and found that it was predominantly localized to the decidual zone in the post-implantation uterus. Since the ovarian hormones, progesterone (P4) and estrogen (E2), function in promoting stroma decidualization, we investigated their relationship with USP7 expression and found that they exert minimal influence. Moreover, increased USP7 expression observed during deciduoma development was found to be independent of blastocyst attachment. Using a specific USP7 inhibitor, HBX19818, we demonstrated an additional novel role for USP7 in endometrial stroma decidualization in mice during early pregnancy. Our findings could potentially be applied towards future research and development in female infertility.
K E Y W O R D S
decidualization, deubiquitinases, USP7, uterine stromal cells differentiation of stromal cells, upon induction by ovarian hormones such as progesterone and estrogen, after blastocyst attachment to the uterine epithelium, to support embryonic development, placental formation, and the maintenance of normal pregnancy (Das, 2010; Du et al., 2010; Sroga, Ma, & Das, 2012) . In mice, blastocysts attach to the luminal epithelium on Day 4 of pregnancy (Day 1-vaginal plug). On Days 5 and 6 of pregnancy, stromal cells surrounding the implanting blastocyst cease proliferating and undergo terminal differentiation into decidual cells, forming the primary decidual zone (PDZ) (Sroga et al., 2012) . However, stromal cells next to the PDZ continue to proliferate and differentiate to form decidual cells of the secondary decidual zone (SDZ) on Days 7 and 8 of pregnancy (Das, 2010) . During decidualization, the decidual zone becomes enriched with an extensive blood vessel network and this process was believed to be tightly regulated by a plethora of regulatory signaling mediators, which in a way is similar to the events in tumor invasion (Cai, Culley, Zhao, & Zhao, 2017; Lee et al., 2007; Zhou, Bao, Kong, Lu, & Wang, 2017) .
Ubiquitination is a post-translational modification (PTM) process involving the addition of the highly conserved ubiquitin polypeptide, either as a single molecule or as a chain of ubiquitin molecules, to proteins thereby regulating their stability, activity, cellular localization, protein-protein interactions, and proteolysis by the 26S proteasome (Gallo & Dirks, 2016; Hussain, Zhang, & Galardy, 2009; Maertens, El Messaoudi-Aubert, Elderkin, Hiom, & Peters, 2010) . As a form of check and balance in the intracellular environment, the deubiquitinase (DUB) family of enzymes, work antagonistically to the ubiquitinases by removing proteins decorated with ubiquitin (Gallo & Dirks, 2016; Maertens et al., 2010) . They protect proteins from proteasomal degradation and it was suggested that their inhibition could promote the degradation of otherwise "undruggable" targets (Maertens et al., 2010; McClurg & Robson, 2015) . Deregulation of the ubiquitination/deubiquitination PTM system was demonstrated to be associated with various disorders such as cancers (Glasser & Julian, 1986; Hernandez-Perez et al., 2017; Maertens et al., 2010; McClurg & Robson, 2015; Turnbull et al., 2017) .
Ubiquitin-specific protease 7 (USP7), otherwise known as herpesvirus-associated ubiquitin-specific protease 7 (HAUSP), is a 135 kDa protein and a member of the DUB family, which functions in regulating protein stability and localization (Hussain et al., 2009 ). It plays a critical role in vital intracellular processes such as epigenetic regulation, cell cycle regulation, cell growth and survival (Gallo & Dirks, 2016; Glasser & Julian, 1986; Hernandez-Perez et al., 2017; Ma & Yu, 2016; Roby et al., 1993) . Of note, its role in stabilizing various tumor suppressors, such as p53, Mdm2, PTEN and Myc (Castracane & Jordan, 1975; He et al., 2014; Hernandez-Perez et al., 2017; Hussain et al., 2009; Ma & Yu, 2016; Roby et al., 1993) , has been well-characterized and its upregulation has been associated with many cancers (Hernandez-Perez et al., 2017; Jiang et al., 2016; Roby et al., 1993; Turnbull et al., 2017) . USP7 was observed to play an essential role in growth and development as it was associated with embryonic lethality in USP7 knockout mice (He et al., 2014; Scherle, Ma, Lim, Dey, & Trzaskos, 2000) . Hence, we hypothesize that USP7 may play a role in pregnancy, specifically the processes involving embryo implantation to the uterine wall. Here, we used in situ hybridization and immunohistochemistry methods to investigate the association between USP7 expression and localization during decidualization. We studied the spatiotemporal expression of USP7 in the uterus, the effect of key ovarian hormones on its expression level and localization and clarified the impact of blastocyst attachment on its expression during early pregnancy. Also, we used a specific inhibitor of USP7 activity to characterize its correlation with stromal cell decidualization. Our findings suggest the novel role of USP7 in stroma decidualization and laid the foundation for future research and development in female infertility.
| ME THODS

| Ethicsapproval
All procedures were approved by the Committee for the Ethics on Animal Care and Experiments of Wuhan University. 
| Animalcareandhandling
| Uterineprimarystromalcellculture
Uterine primary stromal cells were isolated and cultured as previously described with some modifications .
Two or three uterine horns of pseudopregnant mice were cut into small pieces (2-3 mm) on Day 4 after inducing pseudopregnancy.
The cut pieces of tissue were first digested in Hanks balanced salt solution (HBSS antibiotic; Gibco, USA) containing 6 mg/ml dispase II (Gibco, USA) and 25 mg/ml trypsin (Sigma, USA) for 1 hr at 4°C, 1 hr at room temperature and then 10 min at 37°C. Next, they were incubated in HBSS (3 ml) containing 0.5 mg/ml collagenase 
| Proteinextractionandwesternblot
Protein extraction and western blot analysis were performed according to an established protocol (Zhou, Genbacev, & Fisher, 2003) . West Pico PLUS chemiluminescent substrate (Thermo Scientific, Pierce-34077) was added for band visualization using the Bio-Rad ChemiDoc ™ XRS+ System.
| Insituhybridization
In situ hybridization was performed as previously described (Gellersen, Brosens, & Brosens, 2007; Scherle et al., 2000) . Frozen sections (10 μm thick) were fixed with 4% paraformaldehyde (Sigma-Aldrich, 158127) on poly-L-lysine-coated slides at 4°C.
Next, the sections were hybridized at 45°C for four hours in 50%
formamide buffer containing digoxygenin-labeled sense or antisense cRNA probes. The sections were then incubated with RNase A enzyme (20 μg/ml; Takara, 2158) at 37°C for 20 min. RNase Aresistant hybrids were detected by liquid emulsion autoradiography. Sections hybridized with the sense probes served as negative controls.
| Immunohistochemistryand immunofluorescence
Tissues were fixed in 10% neutral-buffered formalin or 4%
paraformaldehyde, dehydrated via graded ethanol solutions, and then embedded in paraffin to obtain 5 μm thick sections.
Immunohistochemistry ( 
| Quantitativereal-timeRT-PCR
Total RNA was isolated from uterine tissues or cells with TRIzol Table 1 . At least three replicates were performed for each experiment.
| Statisticalanalysis
Statistical analysis was performed using SPSS 20 program. Data from at least three independent samples were expressed as mean±SEM. Comparison studies were performed using unpaired Student two-tailed t-test and one-way ANOVA for data comprising three or more groups. p < 0.05 was considered to be statistically significant.
Gene Sequenceofforwardprimer(5′→3′) Sequenceofreverseprimer(5′→3′)
USP7
CCTTAGCCCTCCGTGTTTTGT CCAGTCGTTTTCCTTGTGGAAG
Dtprp
TTATGGGTGCATGGATCACTCC CCCACGTAAGGTCATCATGGAT
Foxo1
TTCAATTCGCCACAATCTGTCC GGGTGATTTTCCGCTCTTGC
Hoxa10
CGCCTAGAGATCAGCCGTAG TCAGGAAGCGAAAAGACGTT
GAPDH
GGTGAAGGTCGGTGTGAACG CTCGCTCCTGGAAGATGGTG
TA B L E 1 Primers used for quantitative RT-PCR
| RE SULTS
| USP7isspatiotemporallyexpressedinthe peri-implantationuterus
To better understand the role of uterine USP7 during the periimplantation period, USP7 expression pattern during early pregnancy was assessed by in situ hybridization and immunohistochemistry. Here, we first demonstrated the preferential localization of USP7 mRNA and protein to the uterine epithelium of mice endometrium on Days 1 and 4 before embryo implantation, and minimal expression was observed at the stroma (Figure 1a and b) . During the post-implantation period from Day 5 onwards, USP7 was observed throughout the stroma, with a particularly high expression level observed surrounding the implanting blastocyst. USP7 expression was predominantly localized to the primary decidual zone (PDZ) on Day 6, and to the secondary decidual zone (SDZ) on Days 7 and 8, and this expression pattern became more prominent as pregnancy progresses. Consistent with above results, we performed real-time PCR and western blots to quantify the expression of USP7 at the mRNA and protein levels. USP7 expression at mRNA level in the uteri on Days 1 and 4 of pregnancy was apparently lower than the postimplantation period from Day 5 onwards ( Figure 1e ). As to USP7 protein level, it was much more detected during Days 5-8 than Days 1 and 4 (Figure 1d ). Overall, the spatiotemporal expression pattern of USP7 during early pregnancy suggests its potential role in decidualization during early pregnancy.
| P4andE2haveminimalinfluenceon USP7expression
Since progesterone and estrogen are known to coordinate embryo implantation and decidualization, their effects on uterine USP7 expression was examined using ovariectomized wild-type female mice. Two weeks after ovariectomy, the mice were subcutaneously injected with oil (0.1 ml/mouse), estradiol-17β (E2, 100 ng/mouse), or P4 (2 mg/mouse) or a combination of E2 and P4, and were then sacrificed after 6, 12 or 24 hr. USP7 was primarily expressed in the epithelial cells and a low expression level was observed in the stromal cells (Figure 2a and b) . There was no significant difference in USP7 expression level and distribution after E2, P4 or oil treatment. In addition, quantitative real-time PCR analysis also showed comparable USP7 mRNA expression levels for all treatment methods (Figure 2c ). These results suggest that ovarian hormones have minimal effect on USP7 expression in decidualized uteri.
| USP7expressionindecidualtissuesis independentofblastocystattachment
Here, we examined the relationship between USP7 expression and decidualization using a sesame oil-induced uterine decidualization mouse model by in situ hybridization and immunohistochemistry.
The mice were sacrificed 24, 48 and 96 hr after oil injection. USP7
expressed in the epithelial cells and also in the stromal cells, albeit at low levels, in the uninjected control uterine horn. Compared to the uninjected control group, USP7 highly expressed in stromal cells around the injection site at 24 hr after oil injection. As the deciduoma developed, USP7 expression was predominantly localized to the primary decidual zone (PDZ) and the secondary decidual zone (SDZ)
at 48 and 96 hr after oil injection (Figure 3b and c) . USP7 expression was localized around the decidual zone in the oil-infused uterus, indicating a positive correlation with the decidualization process.
Since the USP7 spatial expression pattern in the oil-infused decidualized uterine horn observed here (Figure 3b and c) was similar to that in the post-implantation uterus from Day 5 onwards (Figure 1a- c) which corresponds to the onset of blastocyst attachment, this
indicates that USP7 expression during deciduoma development is independent of embryo implantation. The mRNA and protein level of USP7 were detected and both of them were upregulated as the deciduoma developed (Figure 3d ).
F I G U R E 2 P4 and E2 have minimal influence on USP7 expression. (a, b) Ovariectomized mice rested for 2 weeks and then were injected with 100 ng E2 or 2 mg P4 or 100 ng E2 plus 2 mg P4. Uteri were isolated at 0, 6, 12 and 24 hr after injection to detect the expression of USP7 by immunohistochemistry. 
| Thedecidualizationofendometrial stromalcellsinmicewascompromisedafter HBX19818treatment
The in vitro USP7 expression and distribution in stromal cells induced to undergo decidualization by co-treatment with estradiol and progesterone was investigated. Vimentin, a stromal cell marker (Zhou et al., 2018) and cytokeratin, an epithelial cells maker were used to confirm the purity of mouse endometrial stromal cells (mESCs) harvested from pseudopregnant females on Day 4 by immunofluorescence staining (Figure 4a ). Successful stromal cell decidualization was verified by the increase in mRNA expression of Prl8a2 (prolactin family 8, subfamily a, member 2, previously known as Dtprp; Figure 5a and b), a well-known marker of decidual cells (Alam et al., 2007; van der Horst et al., 2006) . USP7 was observed to localize at the nucleus and cytoplasm of uterine stromal cells (Figure 4b ), and as decidualization progressed, the expression level of USP7 increased ( Figure 4c ). Next, we examined the function of USP7 in uterine stromal cells decidualization using the specific USP7 activity inhibitor, HBX19818 (Lecona et al., 2016; Reverdy et al., 2012; Wu et al., 2017) and found a distinct reduction in Dtprp mRNA and protein expression in Hoxa10, Foxo1, were also significantly downregulated (Figure 5d and e), further supporting the role USP7 in uterine stromal cell decidualization.
| D ISCUSS I ON
Normal decidua development is essential for successful pregnancy as it functions to nourish the embryo by providing a barrier to prevent uncontrolled trophoblast invasion before the formation of a mature placenta (Das et al., 1994) . Hence, it is important to obtain a deeper understanding of the regulatory molecules and mechanisms in early pregnancy (Dey et al., 2004; He et al., 2015) . Given the observation from previous reports that USP7 knockout mice had a dramatic reduction in proliferation and embryonic development between days E6.5 and E7.5 post coitum (He et al., 2014; Scherle et al., 2000) , we designed experiments to clarify its function in uterine stroma decidualization, a key event in pregnancy.
USP7 was observed to be localized at the decidual zone in the uteri and its spatiotemporal localization becomes more prominent as pregnancy progresses (Figures 1 and 3) . Furthermore, we showed that ovarian hormones had little influence on USP7 expression ( Figure 2 ) and that there is no correlation between USP7 expression and the attached blastocyst (Figure 3 ). To confirm that USP7 plays a role in decidualization, we used the specific USP7 inhibitor and demonstrated that USP7 inhibition compromised uterine decidualization ( Figure 5 ).
We used ovariectomized, oil-induced decidualization and in vitro-induced decidualization mice models to dissect the role of USP7 in early pregnancy. Mice uteri sections were obtained on Days 1,4,5,6,7 and 8 after inducing pregnancy and USP7 expression was examined by immunohistochemistry and in situ hybridization methods. This meticulous study design enabled detailed monitoring of USP7 mRNA and protein expression and localization in the uteri. We observed the gradual change in USP7 spatial localization from the epithelium on Day 1 to the stroma at the decidual zone as pregnancy progresses (Figure 1 ). The detailed tracking of USP7 expression during early pregnancy revealed its spatiotemporal behavior during the peri-implantation period and indicates its association with uterine decidualization. Moreover, we observed a similar expression pattern in oil-induced decidualized uteri mice where high USP7 expression was observed at the decidual zone (Figure 3) , which further confirms the direct association between USP7 and decidualization.
Both ovarian hormones and activated blastocysts are key factors for mice uterine decidualization. Subsequent experiments were aimed at characterizing the role of USP7 in early pregnancy events such as blastocyst attachment to the uterine lining and whether ovarian hormones that mediate decidualization also influence USP7 uterine expression. The ovarian estrogen and progesterone are the primary determinants governing normal uterine functions during implantation and decidualization (Das et al., 1994; Kon et al., 2011) . Using ovariectomized mice to eliminate the effects of ovarian hormones, we found that ovarian To further clarify the function of USP7 during decidualization, primary uterine stromal cells were isolated and cultured. Upregulation of USP7 expression was observed in both the nucleus and the cytoplasm in the decidualized stromal cells (Figure 4) , indicating the importance of USP7 in decidualization. In addition, the drastic reduction in the expression levels of the stromal cell decidualizationassociated markers tested upon treatment with HBX19818, an inhibitor of USP7 activity ( Figure 5 ), further supports the notion of USP7 playing a critical role in decidualization.
| CON CLUS IONS
Our study established the positive correlation between USP7 expression and decidualization during early pregnancy. Uterine stromal cells have been equated to tumor cells because of their ability to rapidly proliferate, differentiate and invade blood vessels and a variety of lymphocytes (Kon et al., 2011) . Given the well-characterized role of USP7 in tumorigenesis (Castracane & Jordan, 1975; He et al., 2014; Ma & Yu, 2016; McClurg & Robson, 2015; Roby et al., 1993) , our findings suggest a novel role in mice uterine stromal cells decidualization. In previous studies, it had been indicated that conventional germ line knockout of USP7 in mice resulted in embryonic lethality between days E6.5 and E7.5, partly due to p53 dysfunction (He et al., 2014; Scherle et al., 2000) . Moreover, Hu et, al found that p53 deficiency in female mice and fetuses could result in reduced maternal reproduction through transcriptional regulation of leukemia inhibitory factor (LIF), a cytokine crucial for blastocyst implantation (Hu, Feng, Teresky, & Levine, 2007; Kanga et al., 2009 ). Whether or not USP7 regulates the process of decidualization through p53 pathway deserves further consideration. Next, further researches will be directed towards investigating the molecular mechanism of USP7 in decidualization and confirm whether the results obtained from smouse models could be translated to the same process in humans.
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